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OXYGEN  AND  THE  EYE 


Recent  interest  in  basic  biomedical  research  has  led  to  many 
experiments  involving  the  use  of  high  partial  pressures  of  oxygen. 
Within  the  past  few  years  many  experimental  animals,  patients, 
and  volunteers  have  been  subjected  to  high  oxygen  environments 
for  physiologic  studies  (40,  41),  space  cabin  experiments  (101), 
and  various  therapeutic  regimens  (24).  The  risks  inherent  in 
the  use  of  high  oxygen  tensions  have  been  long  known  and  well 
described,  but  often  ignored.  It  is  a  common  misconception  among 
physicians,  for  instance,  that  the  use  of  oxygen  involves  no  toxic 
hazard. 

Nearly  one  hundred  years  ago  Bert  (20)  described  the  ap¬ 
parently  paradoxical  effect  of  increased  oxygert  tension  depressing 
metabolic  oxidization,  resulting  in  a  general  deterioration  of  body 
metabolism.  The  lesions  thus  produced  are  most  evident  in  the 
lungs,  with  congestion,  edema,  epithelial  degeneration,  and  finally 
frank  pneumonia  appearing  after  40  to  100  hours.  In  addition, 
there  is  an  associated  vascular  congestion  in  all  the  abdominal 
organs  (83,  98).  These  findings  have  been  confirmed  by  many 
investigators  (11,  23,  26,  34,  80,  85,  86,  88,  97,  99). 

In  acute  experiments  symptoms  of  oxygen  toxicity  develop  as 
a  hyperbolic  relationship  of  partial  pressure  to  time  of  exposure. 
Man  normally  receives  oxygen  at  about  160  mm.  Hg,  which  is 
about  21%  of  the  total  atmospheric  pressure  (760  mm.  Hg).  As 
long  as  the  partial  pressure  of  oxygen  does  not  exceed  350  mm.  Hg, 
no  evidence  of  toxicity  appears.  This  corresponds  to  the  amount 
of  oxygen  an  individual  would  receive  if  he  inhaled  100%  oxygen 
at  20,000  feet  of  altitude,  Both  man  and  experimental  animals 
have  been  subjected  to  these  decreased  pressures  of  pure  oxygen 
for  prolonged  periods  without  apparent  ill  effect  (3,  19,  35,  38, 
71,  72.  93). 
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On  the  other  hand,  there  are  numerous  reports  of  oxygen 
toxicity  occurring  in  human  beings  when  oxygen  is  given  at 
pressures  exceeding  350  mm.  Hg.  Comroe  et  aj.  (33)  found  that 
volunteers  subjected  to  760  mm.  Hg  (100%)  oxygen  for  24  hours 
developed  irritation  of  the  lungs,  paresthesia,  and  conjunctival 
irritation.  Becker-Freyseng  (13)  subjected  himself  and  Clamann 
to  680  mm.  Hg  (90%)  oxygen  for  65  hours.  Clamann  developed 
paresthesia  of  the  fingers  in  24  hours;  Becker-Freyseng  ex¬ 
perienced  similar  symptoms  after  48  hours.  The  experiment  was 
terminated  after  65  hours  when  continuous  vomiting  developed 
in  one  of  the  investigators,  who  subsequently  required  hospitaliza¬ 
tion  for  pneumonia. 

Reinhard  et  al.  (92)  administered  530  to  760  mm.  Hg  (70  to 
100 70  oxygen  by  nasal  mask  to  patients  with  sickle-cell  anemia 
for  periods  of  8  to  20  days.  Patients  complained  of  numbness  and 
tingling  of  hands,  anorexia,  intense  headaches,  nausea  and  vomit¬ 
ing,  impairment  of  hearing,  epistaxis,  and  swelling  and  edema 
of  mucous  membranes.  No  eye  studies  were  done,  but  no  visual 
complaints  were  recorded. 

In  addition,  new  evidence  of  oxygen  toxicity  continues  to  appear 
in  the  literature  with  great  regularity.  Ernsting  (48),  in  I960, 
and  Langdon  and  Reynolds  (67)  in  1961,  noted  respiratory  prob¬ 
lems  in  jet  pilots  who  had  inhaled  oxygen  while  experiencing  high 
(1-forces.  In  1962,  Gable  and  Townsend  (52)  reported  pigment 
and  structural  changes  in  lung  tissue  taken  from  jet  pilots  who 
had  experienced  prolonged  exposure  to  pure  oxygen. 

After  reviewing  the  literature,  Mullinax  and  Beischer  (74) 
suggested  that  12  hours  should  be  the  maximum  limit  for  breath¬ 
ing  pure  oxygen  at  normal  pressures.  Behnke  et  al.  (16)  set  the 
limit  of  “comparative  safely”  at  4  hours.  In  spite  of  this,  there 
must  be  a  wide  margin  of  safety.  Boothby  et  al.  (25)  stated  that 
they  administered  760  mm.  Hg  of  (10071 )  oxygen  to  more  than 
800  patients  for  as  long  as  48  hours  without  producing  ill  effects. 

Increasing  the  partial  pressure  of  oxygen  presented  to  the 
body  greatly  accelerates  the  appearance  of  toxic  symptoms.  The 
symptoms  produced  under  increased  pressure  are  primarily  of  the 
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central  nervous  system  and  include  convulsions,  euphoria,  and 
paresthesia  (16,  17,  45).  Donald  (43)  found  that  oxygen  at 
4  atmospheres  (3,000  mm.  Hg)  produced  symptoms  within  6  min¬ 
utes.  Thus,  at  1  atmosphere  the  toxic  symptoms  primarily  involve 
the  pulmonary  system,  while  at  increased  pressures  symptoms  of 
the  central  nervous  system  predominate  (85). 

Extreme  variation  in  the  susceptibility  of  different  individuals 
to  oxygen  toxicity  has  been  found  to  be  a  major  factor  in  both 
human  and  animal  experiments  (13,  42,  43).  This  individual 
variability  makes  it  difficult  to  evaluate  conflicting  reports  and, 
in  the  past,  has  contributed  substantially  to  confusion  concerning 
oxygen  toxicity. 

The  effect  of  oxygen  on  the  visual  mechanism  is  a  special 
aspect  of  oxygen  toxicity.  The  role  of  high  oxygen  environments 
in  the  pathogenesis  of  retrolental  fibroplasia  is  well  established. 
Moreover,  recent  studies  indicate  that  irreversible  ocular  damage 
may  occur  in  mature  animals  after  prolonged  exposure  to  high 
partial  pressures  of  oxygen.  The  purpose  of  this  review  is  to 
summarize  the  available  literature  on  oxygen  pertaining  to  the 
visual  mechanism.  Other  aspects  of  oxygen  toxicity  have  been 
well  reviewed  by  Bean  (12)  and  Stadie  et  al.  (99). 

OCULAR  PHYSIOLOGY 


Aqueous 

The  physiology  of  oxygen  in  the  eye  has  been  well  studied. 
De  Haan  (55)  measured  the  oxygen  tension  in  the  aqueous  humor 
of  rabbits  by  using  Krogh’s  microtonometric  technic.  He  found 
the  tension  to  be  20  to  30  inm.  Hg,  but  recognized  that  some  loss 
of  oxygen  from  the  aqueous  humor  occurred  during  the  analysis 
through  auto-oxidation.  Correcting  for  this  loss,  he  concluded 
that  the  oxygen  tension  was  probably  nearer  40  or  45  mm.  Hg, 

Fischer  (50)  measured  the  change  in  oxygen  within  a  glass 
chamber  sealed  to  the  anterior  segment  of  the  eye.  He  observed 
a  less  of  oxygen  from  the  chamber,  but  in  similar  pvnerirnimis.  in 
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which  the  anterior  chamber  was  filled  with  nitrogen,  he  could' not 
detect  an  outward  movement  of  oxygen  into  the  chamber,  He 
concluded  that  the  corneal  epithelium  acts  as  a  barrier  to  oxygen 
but  that  it  can  utilize  oxygen  from  the  air. 

Friedenwald  and  Pierce  (51)  analyzed  the  composition  of  bub¬ 
bles  introduced  into  the  anterior  chamber  of  a  dog.  They  found 
that  the  gas  in  the  bubble  quickly  comes  into  equilibrium  with  the 
gases  in  the  aqueous.  They  determined  the  partial  pressure  of 
oxygen  in  the  aqueous  to  be  47  mm.  Hg.  When  the  optic  nerve 
was  severed  and  allowed  to  atrophy,  no  changes  in  gas  pressures 
were  noted.  For  this  reason,  they  concluded  that  the  retina  carries 
on  its  exchange  of  gases  almost  exclusively  through  its  own  blood 
vessels  and  has  no  influence  on  the  gas  content  of  the  aqueous. 
They  also  found  that  covering  the  cornea  with  a  contact  lens  had 
no  effect  on  the  aqueous  oxygen  equilibrium.  Drenckhahn  and 
Lorenzen  (44)  noted  a  6/f  decrease  in  aqueous  Po2  under  similar 
conditions.  Friedenwald  and  Pierce  (51)  further  noted  that  the 
oxygen  tension  of  the  posterior  chamber  was  80  to  90  mm.  Hg 
when  the  lens  was  removed.  From  this  difference  in  Po2  between 
the  anterior  and  posterior  chamber,  they  calculated  that  the  lens 
consumed  from  0.2  to  0.5  mm.3  of  oxygen  per  minute. 

Heald  and  Langham  (67)  carefully  studied  the  permeability  of 
the  cornea  and  blood  aqueous  barrier  to  oxygen.  They  experi¬ 
mented  with  rabbits  and  used  polarographic  methods  for  oxygen 
determinations.  With  these  technics,  the  diffusion  rate  of  oxygen 
across  the  cornea  in  the  inward  and  outward  directions  was  found 
to  be  equal.  Removal  of  the  epithelial  and  endothelial  layers  did 
not  significantly  change  the  diffusion  rate. 

In  studying  the  aqueous,  it  was  also  noted  that  the  mean 
oxygen  tension  of  anesthetized  animals  was  48  mm.  Hg,  while  in 
conscious  animals  the  mean  tension  was  55  mm.  Ilg. 

By  exposing  the  cornea  alone  to  760  mm.  Hg  of  oxygen,  while 
maintaining  the  animals’  normal  respiration  with  room  air  through 
a  tracheal  tube,  the  Poa  of  the  aqueous  was  increased  to  131  mm. 

Htr  F'urthpvmnrp  by  simnlyinnr  nvyorpn  through  ?.  trachea]  tube, 
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while  the  animals  were  maintained  in  room  air,  the  Po2  of  the 
aqueous  was  increased  to  between  130  and  165  mm,  Hg  (44;  67). 
Measurements  of  aqueous  Pb2  with  the  -aftimals  enclosed  in  an 
environment  of  pure  oxygen,  were  not  found  in  the  literature. 
However,  rabbits  enclosed  in  a  chamber  with  720  mm.  Hg  oxygen 
and  40  mm.  Hg  carbon  dioxide  (5%)  developed  an  aqueous  Po2 
of  268  mm.  Hg  after  3  hours.  Since  the  vasodilatory  effects  of 
this  amount  of  carbon  dioxide  are  powerful  and  conflict  with  the 
vasoconstriction  caused  by  high  oxygen  tensions,  it  is  difficult  to 
evaluate  these  findings. 

Cater  and  Silver  (31)  found,  however,  that  the  ratio  of  the 
tissue  Po2,  when  the  animal  was  breathing  oxygen,  to  the  tissue 
Po2,  when  the  animal  was  breathing  air,  was  a  constant  of  mean 
value  2.1  to  2.3  for  the  tissues  studied.  A  constant  calculated  with 
the  Po2  values  found  by  Heald  and  Langham  (67)  for  the  aqueous 
and  by  Krause  and  Goren  (66)  for  the  vitreous  would  be  about 
2.6  to  3.4.  This  is  considerably  higher  than  the  values  found  in 
other  tissues  (1),  and  this  may  help  to  account  for  the  fact  that 
the  eye  is  often  the  target  organ  of  oxygen  toxicity,  as  shown  by 
development  of  retrolental  fibroplasia  and  reported  in  many  ex¬ 
perimental  studies. 

Vitreous 

Krause  and  Goren  (66)  studied  the  oxygen  tension  of  the 
vitreous  humor  of  the  cat  by  using  polarographic  methods.  Un¬ 
fortunately,  they  removed  the  cornea,  drained  the  aqueous,  and 
retracted  the  lens  to  insert  the  electrode,  thereby  destroying  any 
oxygen  equilibrium  between  the  vitreous  and  the  aqueous.  Further, 
this  must  have  allowed  direct  exposure  of  the  vitreous  and  the 
aqueous  and  of  the  vitreous  to  oxygen  in  some  of  the  experiments. 
Nevertheless,  they  found  that  the  oxygen  tension  of  the  vitreous 
under  normal  atmospheric  conditions  equaled  63  mm.  Hg.  When 
the  animal  was  placed  in  a  pure  oxygen  environment,  the  Po2  rose 
to  177  mm.  Hg  within  46  minutes.  After  the  animal  was  removed 
from  a  high  oxygen  environment,  the  Po2  quickly  returned  to 
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Patz  (82)  recorded  the  oxygen  tension  at  the  retinal  surface  in 
the  adult  .cat  following  occlusion- of  the  central  retinal  arteries  by 
photocoagulation.  The  oxygen  tension  quickly  dropped  tQ- near 
zero  levels.  Administration  of  100%  oxygen  resulted  in  a  measur¬ 
able  increase  in  the  partial  pressure  of  oxygen.  From  these  studies, 
he  concluded  that  the  diffusion  of  oxygen  to  the  retina  could  be 
substantially  increased  if  the  subject  inhaled  pure  oxygen.  When 
pure  oxygen  was  used  clinically,  patients  with  retinal  arterial 
occlusion  had  an  immediate,  striking  improvement  in  vision.  When 
it  was  used  over  a  longer  period,  however,  the  benefits  were  less 
pronounced  and  there  was  no  improvement  in  the  final  result  of 
the  injury. 

Retinal  vessels 

The  effects  of  oxygen  on  retinal  vessels  have  been  observed. 
Cusick  et  al.  (37)  measured  the  caliber  of  retinal  vessels  after 
breathing  oxygen  at  760  mm.  Hg  for  30  minutes.  They  noted  a 
diminution  in  caliber  of  between  10.5  and  37.7  %  for  arterioles 
and  between  16.2  and  37%  for  the  veins.  The  diminution  averaged 
24%  for  arterioles  and  28.2'%  for  veins. 

Other  investigators  have  made  similar  observations  (35,  37), 
but  Duke-Elder  (46)  was  unable  to  detect  any  change  in  the  size 
of  retinal  vessels  in  subjects  breathing  pure  oxygen  more  than 
6  minutes.  Cusick  et  al.  (37)  also  noted  a  definite  increase  in  the 
redness  of  the  retina  and  veins.  The  reduction  in  caliber  of  the 
vessels  indicates  a  decreased  blood  flow,  which  they  interpreted 
as  a  regulatory  mechanism  to  protect  the  tissues  from  high  oxygen 
concentrations.  Despite  this  reduction  in  caliber,  the  color  of  the 
blood  in  the  veins  still  approximated  that  of  the  arterioles.  These 
observations  indicate  that,  even  with  a  slight  arteriolar  constric¬ 
tion,  the  tissues  receive  not  only  an  adequate,  but  also  an  increased 
oxygen  supply,  as  a  result  of  the  inhalation  of  100%  oxygen 
(94,  96).  The  same  consideration  holds  true  for  other  tissues, 
such  as  the  brain  (21). 

Cornea  and  conjunctiva 

It  is  generally  accepted  that  the  corneal  epithelium  utilizes 
atmospheric  oxygen  in  metabolism  (2).  Bakkcr  (10)  doubts  that 
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this  source  of  oxygen  is  necessary  to  maintain  a  normal  cornea, 
He  enclosed  intubated  rats  ih  a  sealed  chamber  and  exposed  the 
corneas  to  high  nitrogen  concentrations  for  long  periods.  The 
corneas  remained  normal,  indicating  that  they  did  not.. require 
oxygen  from  the  ambient  air  to  maintain  their  normal  nutrition. 

Comroe  et  ai.  (33)  stated  that  23 '/<  of  their  subjects  developed 
conjunctival  irritation  after  breathing  oxygen  at  760  mm.  Hg  for 
24  hours.  This  may  be  related  to  the  irritative  effect  on  serous 
membranes  noted  by  other  investigators  (22,  27).  It  appears  to 
be  a  direct  effect  of  oxygen,  and  does  not  seem  to  be  related  to 
the  humidity. 


EFFECT  OF  OXYGEN  ON  IMMATURE  RETINA 

Retrolental  fibroplasia  is  probably  the  most  important  retinal 
disease  which  can  be  classified  as  an  intoxication  (59) .  From  the 
time  that  it  was  first  described  by  Terry  in  1942  (100)  until  its 
cause  was  established  in  the  early  fifties,  it  became  the  leading 
cause  of  blindness  in  preschool  children.  In  spite  of  the  fact  that 
the  toxicity  of  oxygen  was  well  known  (38),  it  took  nearly  ten  years 
of  intensive  investigation  to  establish  the  etiology  of  this  disease 
(14,  21,  35,  36,  53,  62,  64,  68,  83,  102). 


In  a  large  study,  Kinsey  (61)  found  that  more  than  two-thirds 
of  the  premature  infants  subjected  to  routine  oxygen  (50%  oxygen 
for  28  days)  developed  some  active  stage  of  retrolental  fibroplasia, 
whereas  less  than  one-third  of  those  given  oxygen  only  to  meet 
acute  clinical  needs  developed  any  stage  of  retrolental  fibroplasia. 
Approximately  17%  of  the  infants  given  routine  oxygen  developed 
cicatricial,  or  permanent  forms  of  retrolental  fibroplasia,  compared 
with  a  5%  incidence  in  those  who  were  limited  to  the  actual  need 
of  oxygen.  These  facts  clearly  implicate  prolonged  exposure  to 
high  oxygen  tensions  as  an  important  factor  in  the  etiology  of 
retrolental  fibroplasia.  Also  significant  is  the  finding  that  ex¬ 
posures  to  oxygen  for  periods  of  more  than  3  weeks  do  not  ap¬ 
preciably  increase  the  incidence  of  disease,  indicating  once  again 
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Oxygen  is  important  in  the  vascularization  process  of  the  im¬ 
mature  eye.  Campbell  (28)  found  that  low  atmospheric  oxygen 
tension  decreased  the  width  of  the  capillary-free  zone  near  the 
arteries.  Ashton  and  Cook  (6)  found  that  the  capillary-free  zone 
of  arteries  was  increased  when  the  animal  matured  under  hyperoxic 
conditions. 

Other  investigators  have  noted  an  initial  vasoconstriction  of 
the  growing  vessels,  which  progresses  to  complete  obliteration  if 
high  oxygen  concentrations  are  maintained  (5,  8,  61). 

Kinsey  and  Hemphill  (63)  have  shown  that  the  normal  vas¬ 
cularization  is  suppressed  in  the  immature  animal’s  retina  during 
exposure  to  high  oxygen  tensions.  Subsequent  vascularization  may 
fail  to  develop  normally.  Gyllensten  and  Hellstrom  (54)  found  the 
pathologic  changes  in  mice  were  most  severe  in  the  youngest 
animals.  Their  animals  developed  vitreous  and  retinal  hemorrhages, 
along  with  irregular  proliferation  of  the  nerve  fiber  vessels.  Some 
eyes  also  showed  atrophy  of  the  ganglionic  layer,  inner  nuclear 
layers,  and  outer  piexiform  layer.  Patz  et  ai.  (81,  83,  84)  also 
found  vitreous  degeneration,  retinal  edema,  and  localized  retinal 
detachment  in  young  animals  exposed  to  450  to  600  mm.  Hg 
(60  to  80%)  oxygen  for  4  days  or  more.  They  stated  that  the 
oxygen-induced  changes  were  limited  to  the  eyes  in  his  experiments. 

In  other  studies,  Ashton  and  Pedler  (7)  found  that  in  the  kit¬ 
ten’s  eye  oxygen  vaso-obliteration  begins  with  capillary  closure 
after  only  6  hours’  exposure,  and  is  soon  followed  by  degenerative 
changes  in  the  endothelial  cytoplasm.  The  degenerating  cells  are 
then  moved  from  the  affected  capillaries  toward  less  affected 
vessels,  leaving  only  a  thin  strand  of  tissue.  Finally,  only  a 
skeleton  of  the  original  vascular  network  remains.  No  changes 
were  found  in  other  retinal  cells,  even  those  adjacent  to  the 
endothelium.  A  single  adult  cat  exposed  in  a  similar  manner 
showed  no  changes.  These  studies  seem  to  indicate  that  oxygen 
toxicity  acts  primarily  on  a  vascular  basis,  at  least  in  the  immature 
eye. 

Ashton  and  Cook  (6)  were  unable  to  produce  changes  in  newly 
forming  blood  vessels  in  the  rabbit  ear  under  conditions  of 
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hyperoxia.  Moreover,  hyperoxia  does  not  seem  to  affect  the 
growth  of  new  vessels  in  standard  lesions  of  the  adult  cornea  (72). 
It  can  be  concluded  that  the  developing  retinal  vessels  are  uniquely 
sensitive  to  changes  in  oxygen  tensions,  and  any  alteration  results 
in  profound  changes  in  the  vascularization  process. 

Hellstrom  (58)  found  no  electroretinogram  (ERG)  changes  on 
exposing  kittens  to  oxygen,  but  kittens  raised  in  high  oxygen 
concentrations  frequently  developed  an  abnormal,  “negative”  ERG. 
Older  kittens  did  not  show  the  same  sensitivity.  These  observa¬ 
tions  indicate  an  injury  to  the  retina,  which  he  thought  could  be 
explained  either  on  the  basis  of  ischemia  caused  by  vaso-obliteration 
or  by  a  direct  cytotoxic  effect  of  oxygen.  Most  of  the  abnormal 
ERG's  tended  to  return  to  normal  within  a  few  weeks  after  the 
kittens  were  transferred  to  air. 

In  human  infants,  exposure  to  high  oxygen  concentrations 
results  in  immediate  vasoconstriction.  After  10  minutes  the  ves¬ 
sels  dilate  and  remain  dilated  for  about  6  hours.  A  delayed 
vaso-obliteration  then  occurs  which  is  at  first  reversible  by  re¬ 
turning  the  individual  to  air,  but  later  becomes  irreversible.  The 
vessel  walls  adhere  to  each  other  and  degenerate.  From  this 
stage  on,  it  makes  little  difference  whether  a  high  oxygen  environ¬ 
ment  is  maintained  or  not.  Vessels  immediately  adjacent  to  the 
obliterated  ones  undergo  vascular  proliferation  forming  glomeruloid 
tufts.  The  newly  formed  capillaries  invade  the  retina,  penetrate 
the  internal  limiting  membrane,  and  enter  the  vitreous.  Retinal 
edema  and  subretinal  exudate  may  lead  to  detachment.  The 
detached  retina  organizes  behind  the  lens,  forming  an  opaque 
retrolental  mass  which  results  in  a  white  pupil  (39,  65,  78,  79, 
89,  90,  91).  Subclinical  cases  may  go  unnoticed.  Nauheim  (75) 
attributes  most  cases  of  heterotopia  of  the  macula  to  scarring 
and  traction  of  the  retina  as  a  result  of  incomplete  retrolental 
fibroplasia. 

EFFECTS  OF  OXYGEN  ON  THE  MATURE  RETINA 

The  adult  retina  is  extremely  dependent  on  oxygen  for  normal 
function,  and  is  t.hp  first  organ  to  suffer  from  lack  of  oxygen. 
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Under  hypoxic  conditions,  the  retinal  vessels  dilate  causing  an 
increase  in  arterial  pressure  (47) ,  There  is  a  rapid  reduction  in 
visual  fields,  especially  pronounced  at  low  illuminations.  The  blind 
spot  and  angioscotoma,  however,  may  be  enlarged  (49,  87)  or 
reduced  (22). 

Brief  hj  peroxia  at  normal  atmospheric  pressures  does  not  seem 
to  have  significant  effect  on  vision.  Miller  (73)  found  no  decre¬ 
ment  in  vision  after  breathing  pure  oxygen  for  4  hours.  Becker- 
Freyseng  (13)  noticed  no  decrease  in  dark  adaptation  while  living 
in  90%  oxygen  for  60  hours,  but  performed  no  other  visual  studies. 
Harris  et  al.  (66)  found  no  decrement  in  tasks  involving  visual- 
auditory  conflict  while  breathing  oxygen.  However,  Behnke  et  al. 
(18)  found  that  breathing  oxygen  at  3  atmospheres  produced 
progressive  contraction  of  the  visual  fields,  dilation  of  the  pupils, 
and  some  impairment  of  central  vision  after  4  hours.  Normal 
vision  returned  within  1  hour  after  returning  to  a  normal  environ¬ 
ment. 

Rosenthal  (95)  noted  a  narrowing  of  the  angioscotoma  which 
occurred  within  6  minutes  of  breathing  oxygen  at  high  tension 
and  persisted  as  long  as  the  oxygen  was  maintained.  As  soon  as 
the  oxygen  was  withdrawn,  the  angioscotomata  dilated  beyond 
their  original  width.  These  findings  correspond  quite  well  with 
the  observed  effects  of  oxygen  on  the  retinal  vessels. 

The  chronic  effects  of  hypcroxia  are  less  well  studied,  but  may 
be  more  significant.  Noell  (76,  77)  subjected  adult  rabbits  to  high 
oxygen  concentrations  for  varying  periods  of  time.  Electro- 
retinograms  recorded  throughout  the  experiment  revealed  reversi¬ 
ble  and  irreversible  changes  throughout  the  pressure  ranges 
studied.  The  irreversible  effects  were  most  extensive  after  ex¬ 
posure  to  high  oxygen  concentrations  at  ambient  pressure.  A 
significant  attenuation  of  the  b  wave  was  manifest  in  70%  of 
the  animals  by  the  twenty-fifth  hour  of  exposure  to  pure  oxygen 
and  was  present  in  all  by  the  thirty-sixth  hour.  By  then  the 
size  of  the  b  wave  had  declined  to  less  than  30'/,  of  control.  These 
changes  were  reversible  to  some  extent  when  the  animal  was  allowed 
to  recover  in  normal  atmosphere.  On  the  average,  recovery  oc¬ 
curred  nrdv  for  thnsip  chances  which  had  develened  durino*  tho 

*  "  ‘  *>  “  '  •  -  - -  - -  -  ~  -  X «->  
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last  6  to  10  hours  of  exposure.  Irreversible  effects  of  oxygen 
poisoning  on  the  visual  cells  were  observed  with  oxygen  con¬ 
centrations  as  low  as  60%  at  ambient  pressures. 

Pathologic  changes  were  seen  on  histologic  sections  from  rab¬ 
bits  exposed  to  100%  oxygen  for  40  hours.  A  major  finding  was 
the  disappearance  of  most  of  the  visual  cells.  The  outer  nuclear 
layer  was  reduced  from  a  normal  4  or  5  rows  to  1  or  2  rows  of 
nuclei.  Outer  limbs  were  not  recognizable,  whereas  some  stumps 
of  inner  limbs  still  projected  through  the  external  limiting  mem¬ 
brane  from  the  visual  cells  which  had  survived. 

These  findings  show  a  characteristic  distribution  in  the  retina. 
Vertical  section  through  the  eye  shows  that  the  most  sensitive 
visual  cells  are  located  in  the  ventral  half  of  the  retina  close  to 
the  central  region.  With  prolonged  exposure  to  oxygen,  degenera¬ 
tion  of  the  visual  cells  spreads  from  this  region  to  other  parts 
of  the  retina.  Visual  cells  close  to  the  ora  serrata  and  optic  nerve, 
however,  usually  survive. 

In  more  recent  studies,  large,  inflammatory  retinal  detach¬ 
ments,  conjunctivitis,  iritis,  and  hypotony  have  been  produced  in 
dogs  within  48  hours  in  760  mm.  Hg  oxygen  (15).  These  changes 
appeared  to  be  largely  reversible.  The  retina  always  reattached 
within  one  week.  This  reattachment  was  associated  with  the 
re-establishment  of  normal  intraocular  tensions.  Several  eyes 
showed  retinal  degenerative  changes,  however,  that  are  associated 
with  retinal  detachment  of  long  standing.  The  similarity  of  these 
lesions  to  those  found  in  retrolental  fibroplasia  is  interesting. 

SUMMARY 

The  current  interest  in  biomedical  research,  calling  for  human 
beings  to  be  subjected  to  prolonged  exposure  to  high  oxygen 
environments,  requires  careful  consideration  of  the  possible  hazards 
involved.  A  review  of  the  literature  clearly  indicates  that  oxygen 
is  capable  of  producing  severe  systemic  toxicity.  In  the  1950’s 
it  was  found  that  prolonged  exposure  to  oxygen  was  responsible 
for  retrolental  fibroplasia  in  premature  infants.  Consideration  of 
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the  physiology  of  increased  oxygen  tensions  of  the  eye  shows  that, 
as  compared  with  other  tissues,  unusually  high  tensions  may  occur 
in  the  aqueous  and  vitreous.  Experimental  studies  in  many  animals 
have  revealed  a  variety  of  pathologic  changes,  some  of  which  re¬ 
semble  those  found  in  retrolental  fibroplasia.  Recent  studies  have 
found  that  these  changes  are  not  limited  to  immature  animals. 
Investigators,  working  independently,  have  produced  severe  and 
irreversible  changes  in  numerous  mature,  experimental  animals. 
Careful  consideration  should  therefore  be  given  to  the  eye  in  any 
experiment  involving  prolonged  exposure  of  human  beings  to  high 
oxygen  environments. 


REFERENCES 

1.  Adams,  J.  E.,  and  J.  W.  Severinghaus.  Oxygen  ten¬ 

sion  of  human  cerebral  grey  and  white  matter. 
J.  Neurosurg.  19:969-963  (1962). 

2.  Adler,  F.  H.  Physiology  of  the  eye,  3d  ed.  St.  I.ouis: 

C.  V.  Mosby,  1959. 

3.  Armstrong,  H.  G.  The  toxicity  of  oxygen  at  decreased 

barometric  pressures.  Milit.  Surg.  83:148-101 
(1938). 

4.  Ashton,  N.  Pathological  basis  of  retrolental  fibro¬ 

plasia.  Brit.  J.  Ophthal.  38:385-396  (1954). 

5.  Ashton,  N„  and  R.  Blach.  Studies  on  developing 

retinal  vessels:  VIII.  Effects  of  oxygen  on  the 
retinal  vessels  of  the  ratling.  Brit.  J.  Ophthal. 
45:321-340  (1961). 

6.  Ashton,  N,,  nnd  C.  Cook.  Direct  observation  of  effect 

of  oxygen  on  developing  vessels:  A  preliminary 
report.  Brit.  J.  Ophthal.  38:433-440  (1954). 

7.  Ashton,  N.,  and  C.  Pedler.  Studies  on  developing 

retinal  vessels:  IX.  Reaction  of  endothelial  cells  to 
oxygen.  Brit.  J.  Ophthal.  46:267-276  (1962). 

8.  Ashton,  N.,  B.  Ward,  and  G.  Serpcll.  Role  of  oxygen 

in  the  genesis  of  retrolental  fibroplasia:  A  pre- 
lininp.t’y  wnnrt  Krit  J  Opht.hnl  H7 '51  S-fiV.fl  (19FS) 


12 


9. 


J- 


E" 


Ashton,  N„  B,  Ward,  and  G.  Serpell.  Effect  of  oxygen 
on  developing  retinal  vessels  with  particula) 
reference  to  the  problem  of  retrolental  fibroplasia. 
Brit.  J.  Ophthal.  38:397-432  (1964). 


10.  Bakker,  A.  Some  researches  on  the  respiration  of  the 
cornea  in  albino  rats.  Brit.  J.  Ophthal.  31:100-108 
(1947). 


11.  Barach,  A.  L,  The  effects  of  atmospheres  rich  in 
oxygen  on  normal  rabbits  and  on  rabbits  with 
pulmonary  tuberculosis.  Amer.  Rev.  Tuberc.  13:293- 
31G  (1926). 


12.  Bean,  J.  W.  Effects  of  oxygen  at  increased  pressure. 
Physiol.  Rev.  26:1-147  (1946). 


13.  Becker-Frcyseng,  H.  Physiological  and  patho¬ 

physiological  effects  of  increased  oxygen  tension. 
In  German  Aviation  Medicine,  World  War  II,  vol.  I, 
pp.  493-614.  Washington:  Department  of  the  Air 
Force,  1960. 

14.  Bcdrossian,  R.  H.,  P.  Carmichael,  and  J.  Ritter.  Effect 

of  oxygen  weaning  in  retrolental  fibroplasia.  Ach. 
Ophthal.  (Chicago)  63:614-518  (1965). 

16.  Beehler,  C.,  N.  Newton,  J.  Culver,  und  T.  Tredici. 
Ocular  hyperoxm.  Aerospace  Med.  J.  (In  press) 

16.  Behnke,  A.  R.,  F.  S.  Johnson,  J.  R.  Poppen,  and  E.  P. 
Motley.  The  effect  of  oxygen  on  man  at  pressures 
from  1  to  4  atmospheres.  Amer.  J.  Physiol. 
110:566-672  (1936). 


17.  Behnke,  A.  R.  High  atmospheric  pressures: 
Physiological  effects  of  increased  and  decreased 
pressures;  Application  of  these  findings  to  clinical 
medicine.  Ann.  Intern. >Med,  13:2217  (1940), 


18.  Behnke,  A.  R.,  H.  S.  Forbes,  und  E.  P.  Motley.  Cir¬ 
culatory  and  visual  effects  of  oxygen  at  3  at- 
mosDheres  pressure.  Amer.  J.  Physiol.  114:436-442 
(1936). 


13 


f 

I 

i  -  -  -  . 

19.  Berry,  L.  J.,  and  ;D.  S,  Smythe.  Effect  of  pure 
*  oxygen  at  reduced  pressure!)  on -metabolic  changes 

I  in  mice  living  under  simulated  bio-satellite  condi¬ 

tions,  SAM  Report  62-24,'  Jan.  1962. 

20.  Bert,  P.  La  pression  baromCtrique.  Paris:  Libraire 
de  1’Acad.  de  Med.,  1878. 

21.  Best,  C.  H.,  and  N.  B.  Taylor  The  physiological  basis 

of  medical  practice.  7th  ed.,  ch.  25.  Baltimore: 
Williams  and  Wilkins,  1961. 

22.  Bietti,  G.  Effects  of  experimentally  decreased  or  in¬ 

creased  oxygen  supply  in  some  ophthalmic  diseases. 
Arch.  Ophthal.  (Chicago)  49:491-613  (1963). 

23.  Binger,  C.  A.,  J.  M.  Faulkner,  and  R.  L.  Moore. 

Oxygen  poisoning  in  mammals.  J.  Exp.  Med. 
46:849-864  (1927). 

24.  Boerema,  I.  An  operating  room  with  high  atmospheric 

pressure.  Surgery,  49:291-298  (1961). 

25.  Boothby,  W.  M.,  C.  W.  Mayo,  and  W.  R.  Lovelace. 

One  hundred  per  cent  oxygen.  J.A.M.A.  113:477- 
482  (1939). 

26.  Boycott,  A.  E„  and  C.  L.  Oakley.  Oxygen  poisoning 

in  rats.  J.  Path.  Bact.  36:468-469  (1932). 

27.  Butler,  A.  M„  J.  L.  Wilson,  C.  A.  Smith,  and  S.  Farber. 

Certain  observations  in  low-nitrogen,  normal-oxygen 
atmospheres  related  to  the  problems  of  high  altitude 
flying.  New  Eng.  J.  Med.  226:266-268  (1941). 

28.  Campbell,  F,  W.  The  influence  of  a  low  atmospheric 

pressure  on  the  development  of  the  retinal  vessels 
in  the  rat.  Trans.  Ophthal.  Soc.  U.  K.  71:287-300 
(1951). 

29.  Campbell,  K.  Intensive  oxygen  therapy  as  a  possible 

cause  of  retrolcntal  fibroplasia:  A  clinical  approach. 
Med.  J.  Aust.  2:48-50  (1951). 


14 


30.  Garapancea,  M.,  M.  Popescu,  I,  Pintilie,  M.  Stoian, 
and  M.  Stefan.  Aspeotele  angiodinamice  retiniene 
in  conditii  de  hipobarism,  la  pilotii  de  mare  alti- 
tudine:  Studii  si  cercstari  de  fiziologie.  (Ab¬ 
stract)  Aerospace  Med.  33:637  (1962). 


31.  Cater,  D.  B.,  and  I.  A.  Silver.  Quantitative  measure¬ 

ments  of  oxygen  tension  in  normal  tissues  and  in 
the  tumours  of  patients  before  and  after  radio¬ 
therapy.  Acta  Radiol.  (Stockholm)  63:233-266  (1960). 

32.  Cobb,  S.,  and  F.  Fremont-Smith.  The  cerebral  cir¬ 

culation:  XVI.  Changes  in  the  human  retinal  cir¬ 
culation  and  in  the  pressure  of  the  cerebrospinal 
fluid  during  inhalation  of  a  mixture  of  carbon 
dioxide  and  oxygen.  Arch.  Neurol.  Psychiat.  26:731- 
736  (1931). 

33.  Comroe,  J.  H.,  Jr.,  R.  D,  Dripps,  P.  R.  Dumke,  and 

M.  Demirig.  Oxygen  toxicity.  J.A.M.A.  128:710-717 
(1946). 

34.  Cook,  S.  F.,  and  H.  F.  Leon.  Survival  of  C-67  mice 

and  squirrel  monkeys  in  high  and  low  pressures 
of  oxygen:  USAF  Missile  Develop.  Cent.  Techn. 
Rep.,  AFMDC  TR  60-21,  Oct.  1960. 

36.  Coxon,  M.  W.  Experiences  with  retrolental  fibroplasia 
in  Oxford.  Proc.  Roy.  Soc.  Med.  46:863-866  (1962). 

36.  Crosse,  V.  M.,  and  P.  J,  Evans.  Prevention  of 

retrolental  fibroplasia.  Arch.  Ophthal.  (Chicago) 
48:83-87  (1962). 

37.  Cusick,  P.  L.,  O.  O.  Benson,  and  W.  M.  Boothby. 

Effect  of  anoxia  and  of  high  concentrations  of 
oxygen  on  the  retinal  vessels.  Proc.  Mayo  Clin. 
16:600-602  (1940). 

38.  David,  H.  M.  Airmen  live  17  days  on  pure  oxygen. 

Missiles  and  Rockets  9(4)  :27-44  (1961). 

39.  Dixon,  J.  M.,  and  E.  V.  Paul.  Separation  of  pars 

ciliaris  retinae  in  retrolental  fibroplasia.  Amer.  J. 
Ophthal.  34:182-190  (1961). 


40.  Dolezal,  ■  V.  The  effect  of  longlastlng  oxygen  in- 
—  "halation  upon  'respiratory  "parameters  in  man. 

(Abstract)  Aerospace  Medicine  38fisf92  (1962), 

41.  Dolezal,  V.  Some  humoral  changes  in  man  produced 

by  continuous  oxygen  inhalation  at  normal  baro¬ 
metric  pressure.  Riv.  Med.  Aeronaut.  26:219-220 
(1962). 

42.  Donald,  K.  W.  Oxygen  poisoning  in  man.  Blit.  Med. 

J.  1:667-672  (1947). 

43.  Donald,  K.  W.  Oxygen  poisoning  in  man.  Brit.  Med. 

J.  1:712-717  (1947). 

44.  Drenckhahn,  F.  0.,  and  U.  K.  Lorcnzen.  The  oxygen 

pressure  in  the  anterior  chamber  of  the  eye  and 
rate  of  oxygen  saturation  of  the  aqueous.  Albrect 
V.  Graefes  Arch.  Ophth.  160:378-387  (1058). 

45.  DuBois,  A.  B.  Oxygen  toxicity.  Anesthesiology  23: 

473-477  (1962). 

46.  Duke-Elder,  S.  Cited  by  Campbell,  A.  J.,  and  L.  Hill. 

Concerning  the  amount  of  nitrogen  gas  in  the 
tissues  and  its  removal  by  breathing  almost  pure 
oxygen.  J.  Physiol.  71:309-322  (1931). 

47.  Dugoet,  J.,  P.  Dumont,  and  J.  Bailliart.  The  effects  of 

anoxia  on  retinal  veBselB  and  retinal  arterial 
pressure.  J.  Aviation  Med.  18:516-620  (1947). 

48.  Ernsting,  J.  Some  effects  of  oxygen-breathing  on  man. 

Proc.  Roy.  Soc.  Med.  53:96-98  (1960). 

49.  Evans,  J.  N.,  and  R.  A.  McFarland.  The  effects  of 

oxygen  deprivation  on  the  central  visual  field. 
Amer.  J.  Ophthal.  21:968-980  (1938). 

50.  Fischer,  F.  P.  Concerning  the  gas  exchange  of  the 

cornea  with  air  (Ueber  den  Gasaustausch  der 
Homhaut  mit  der  Luft).  Arch.  f.  Augen.  102:146- 
164  (1929-30). 

51.  Friedenwald,  J.  S.,  and  H.  F.  Pierce,  Circulation  of 

the  aqueous:  VI.  Intra-ocular  gas  exchange.  Arch, 
Ophthal.  (Chicago)  17:177  185  (1937). 


16 


62.  Gable,  W,  D.,  and  Pi  M.  Townsend,  Lung  morphology 
of  individuals  exposed  to  prolonged  intermittent 
supplemental  oxygen:  A  pilot  study.  Aerospace 
Med.  33:1344-1348  (1962). 

53.  Graham,  B.  D.,  H.  S.  Reardon,  J.  L.  Wilson,  M.  U. 
Tsao,  and  M.  L.  Baumann.  Physiological  and 
chemical  response  of  premature  infants  to  oxygen- 
enriched  atmosphere.  Pediatrics  6:65-71  (1960). 

64.  Gyllensten,  L.  J.,  and  B.  E.  Hellstrom.  Experimental 
approach  to  the  pathogenesis  of  retrolental  fibro¬ 
plasia.  Amer.  J.  Ophthal.  39:476-488  (1966). 

66.  Ilaan,  J.  de.  Arch.  Neerl.  Physiol.  7:246  (1922).  (As 

cited  by  Heald,  K.,  and  M.  E.  Langham.  Permeability 
of  the  cornea  and  the  blood  aqueous  barrier  to 
oxygen.  Brit.  J.  Ophthal.  40:706-720  (i860)). 

56.  Harris,  J.  G.,  D.  E.  Beischer,  and  D.  Everson.  The 
effects  of  inhalation  of  100%  02  on  performance 
of  a  task  involving  visual  auditory  conflict.  Naval 
School  Aviation  Med.  Project  No.  MR006.13-1002, 
Subtask  11,  Report  No.  3,  Oct.  6,  1960. 

67.  Heald,  K.,  and  M.  E.  Langham.  Permeability  of  the 

cornea  and  the  blood  aqueous  barrier  to  oxygen. 
Brit  J.  Ophthal.  40:705-720  (1966). 

68.  Hellstrom,  B.  E.  Experimental  approach  to  the 

pathogenesis  of  retrolental  fibroplasia.  Arch. 
Ophthal.  (Chicago)  66:211-220  (1966). 

59.  Hogan,  M.  J.,  and  L.  E.  Zimmerman.  Ophthalmic 

pathology,  an  atlas  and  textbook,  2d  ed.  Phila¬ 
delphia:  W.  B.  Saunders,  1962. 

60.  Karsner,  H.  T.  The  pathological  effects  of  atmospheres 

rich  in  oxygen.  J.  Exp.  Med.  23:149-170  (1916). 

61.  Kinsey,  V.  E.  Retivlciital  fibroplasia:  Cooperative 

study  of  retrolental  fibroplasia  and  the  use  of 
oxygen.  Arch.  Ophthal.  (Chicago)  66:481-643 
(1S5C). 


62.  Kinsey,  V.  E,,  and  F.  M.  Hemphill.  Etiology  of  retro¬ 

lental  fibroplasia.  Amer.  J.  Ophthal.  40:166-174 
(1966). 

63.  Kinsey,  V.  E.,  and  F.  M.  Hemphill.  Etiology  of 

retrotental  fibroplasia  and  preliminary  report  of 
cooperative  study  of  retrolental  fibroplasia.  Trans. 
Amer.  Ophthal.  Soc.  69:7  (1966). 

64.  Kinsey,  V.  E.,  and  L.  Zaeharias.  Retrolental  fibro¬ 

plasia.  J.A.M.A.  139:672-678  (1949). 

65.  Klien,  B.  A.  Histopathologic  aspects  of  retrolental 

fibroplasia.  Arch.  Ophthal.  (Chicago)  41:663-561 
(1949). 

66.  Krause,  A.  C.,  and  S.  B.  Goren.  The  effects  of  hypoxiu 

and  hypernxia  upon  the  oxygen  tension  in  the 
vitreous  humor  of  the  cat.  Amer.  J.  Ophthal. 
42:764-769  (1966). 

67.  Langdon,  D.  F,.,  and  G.  E.  Reynolds.  Postflight  re¬ 

spiratory  symptoms  associated  with  100  per  cent 
oxygen  and  G-forces.  Aerospace  Med.  32:713-718 
(1961), 

68.  Lemastcr,  T.  Retrolental  fibroplasia:  A  constant 

vigil.  Guildcraft  37:14-17  (1963). 

69.  Michaelson,  I.  C.,  N.  Herz,  and  D.  Kertesz.  Effect  of 

increased  oxygen  concentration  on  new  vessel 
growth  in  the  adult  cornea.  Brit.  J.  Ophthal. 
38:588-690  (1964). 

70.  Michaelson,  1.  C.,  N.  Herz,  E.  Lewkowitz,  and  D. 

Kertesz.  Effect  of  increased  oxygen  on  the  de¬ 
velopment  of  the  retinal  vessels.  Brit.  J.  Ophthal. 
38:677-587  (1964), 

71.  Michel,  E.  L.,  R.  W.  Langevin,  and  C.  F.  Gell.  Effect 

of  continuous  human  exposure  to  oxygen  tension  of 
418  mm.  Ilg  for  1GB  hours.  Aerospace  Med.  31:138- 
144  (llMiii) 


18 


72.  Michel,  E,  L.,  and  R.  W.  Langevin.  Environmental 

requirements  of  sealed  cabins  for  space  and  orbital 
flights.  Part  2;  Continuous  exposure  of  human 
subjects  to  increased  oxygen  tensions  for  seven 
days.  Report  NAMC-ACEL-384-10,  Philadelphia, 
Sept.  1968. 

73.  Miller,  E.  P.  Effect  of  breathing  100  per  cent  oxygen 

upon  visual  field  and  visual  acuity.  Aerospace  Med. 
29:698-602  (1968). 

74.  Mullinax,  P,  F.,  and  D.  E.  Beischer.  Oxygen  toxicity 

in  aviation  medicine.  Aerospace  Med.  29:600-667 
(19b8). 

76.  Nauheim,  J.  S.  Heterotopia  of  the  macula.  Arch. 
Ophthal.  (Chicago)  63:144-166  (1960). 

76.  Noell,  W,  K.  Metabolic  injuries  of  the  visual  cell. 

(Abstract)  Amer.  J.  Ophthal.  39:689-690  (1966). 

77.  Noell,  W.  K.  Visual  cell  effects  of  high  oxygen 

pressure.  Fed.  Proc.  14:107-108  (1966). 

78.  Owens,  W.  C.  Retrolental  fibroplasia,  clinical  course. 

Trans.  Amer.  Acad.  Ophthal.  Otolaryng.  69:7-10 
(1966). 

79.  Owens,  W.  C.,  and  E.  U.  Owens.  Retrolental  fibro¬ 

plasia  in  premature  infants.  Amer.  J.  Ophthal. 
32:1-21  (1949). 

80.  Paine,  J.  R.,  D.  Lynn,  and  A.  Keys.  Observations  on 

the  effects  of  the  prolonged  administration  of  high 
oxygen  concentration  to  dogs.  J.  Thorac.  Cardiov, 
Surg.  11:161-108  (1941). 

81.  Pats,  A.  Oxygen  studies  in  retrolental  fibroplasia. 

IV.  Clinical  and  experimental  observations.  Amer. 
J.  Ophthal.  38:291-307  (1964). 

82.  I’atz,  A.  Oxygen  inhalation  in  retinal  artoiial  occlu¬ 

sion,  Amer.  J.  Ophthui.  40:789-796  (1966). 

83.  Patz,  A.,  A.  Eastham,  D.  II.  Higginbotham,  and  T. 

Khlen.  Oxygen  studies  in  retrolental  fibroplasia. 
II.  The  production  of  the  microscopic  changes  in 
retrolental  fibroplasia  in  experimental  animals. 
Amer.  J.  Ophthal.  38:1011-1622  (1963). 


19 


84.  Patz,  A.,  L.  E.  Hoeck,  andE.De  LaCruz.  Studies  on 

effect  of  high  oxygen  adminietratiofi’ih  retrolental 
fibroplasia.  Amer.  J.  Ophthal.  35:1248-1263  (1952). 

85.  Penrod,  K.  E.-  Nature  of  pulmonary  damage  produced 

by  high  oxygen  pressures.  J.  Appl.  Physiol.  9:1-4 
(1050). 

86.  Penrod,  K.  E.  Effect  of  intermittent  nitrogen  ex¬ 

posure  on  tolerance  to  oxygon  at  high  pressures. 
Amer.  J.  Physiol.  186:149-161  (1956). 

87.  Pfeiffer,  C.  H.  University  of  Houston,  Houston,  Tex. 

Personal  communication,  1962. 

88.  Pratt,  P.  C.  Pulmonary  capillary  proliferation  induced 

by  oxygen  inhalation.  Amer.  J.  Path.  34:1033-1049 
(1958). 

89.  Reese,  A.  B.,  and  F.  C.  Blodi.  The  pathology  of  early 

retrolental  fibroplasia.  Amer.  J.  Ophthal.  36:1407- 
1426  (1962). 

90.  Reese,  A.  B.,  and  F.  C.  Blodi.  Retrolental  fibroplasia. 

Amer.  J.  Ophthal.  34:1-24  (1961). 

91.  Reese,  A.  B.,  and  J.  Stepanik.,  Cicatricial  stage  of 

retrolental  fibroplaBia.  Amer.  J.  Ophthal.  38:308- 
316  (1964). 

92.  Reinhard,  E.  H.,  C.  V.  Moore,  R.  Dubach,  and  L.  J. 

Wade.  Depressant  effects  of  high  concentrations 
of  inspired  oxygen  on  erythrocytogeneBis.  Observa¬ 
tions  on  patients  with  sickle  cell  anemia  with  a 
description  of  the  observed  toxic  manifestations  of 
oxygen.  J.  Clin.  Invest.  23:682-698  (1944), 

93.  Richards,  D.  W.,  and  A.  L.  Barach.  Prolonged  residence 

in  high  oxygen  atmospheres:  Effects  on  normal 
individuals  and  on  patients  with  chronic  cardiac  and 
pulmonary  insufficiency.  Quart.  J.  Med.  3:437-466 
(1934). 

94.  Roseman,  E,,  C.  W.  Goodwin,  and  W.  McCulloch.  Rapid 

changes  in  cerebral  oxygen  tension  induced  by 
altering  the  oxygenation  and  circulation  of  the 

T  n.99  Art  Hi  >a/»\ 

”y“J  \  i9iu  ;  . 


20 


-rill  i  tfi.MU  -fiiUi.  ;HL.  w.>f  ,i 


96,  Rosenthal,  C,  M,  Changes  in  angioscotomas  associated  ) 

with  -r inhalation-  -of-  oxygen.  Arch.  Ophthal. 

(Chicago)  22:896-392  (1939);  ! 

96.  Sanotakaia,  N,  V.  Izmeneniia  napriazheniia  kisloroda 

v  tkaniakh  pri  gipo-i  giperoakii.  (Abstract)  Aero¬ 
space  Med.  88:385  (1962). 

97.  Smith,  F.  J.  C,,  G.  A.  Bennett,  J.  W.  Heim,  R.  M. 

Thompson,  and  C.  K.  Drinker.  Morphological 
changes  in  the  lungs  of  rats  living  under  compressed 
air  conditions.  J.  Exp.  Med.  56:79-89  (1932). 

98.  Smith,  J.  L.  The  pathological  effects  due  to  increase 

in  oxygen  tension  in  the  air  breathed.  J.  Physiol. 

(London)  24:19-36  (1899). 

99.  Stadie,  W.  C.,  B.  C.  Riggs,  and  N.  Haugaard.  Oxygen 

poisoning.  Amer.  J.  Med.  Sci.  207:84-114  (1944). 

100.  Terry,  T.  L.  Extreme  prematurity  and  fibroblastic 

overgrowth  of  persistent  vascular  Bheath  behind 
each  crystalline  lens.  Amer.  J.  Ophthal.  26:203-204 
(1942). 

101.  Welch,  B.  E.  Physiological  necessities  in  simulated 

lunar  flights.  Lectures  in  Aerospace  Medicine, 
pp.  79-98.  TJSAF  Aerospace  Medical  Division, 

Brooks  Air  Force  Base,  Tex.,  Jan.  1962. 

102.  Wolff,  E.  Pathologic  aspects  of  retrolental  fibro¬ 

plasia.  Amer.  J.  Ophthal.  83:1768-1774  (1960). 


UNCLASSIFIED 


